In this paper, a natural convection indirect solar cabinet dryer has been fabricated to study the drying behaviour of ginger rhizomes in terms of its convective heat transfer coefficient and moisture removing rate (% db). Various experiments were conducted during the months of March and April 2014 at Guru Jambheshwar University of Science and Technology, Hisar (29 o 5'5''N, 75 o 45'55''E), India. Experimental data obtained were used to evaluate the Nusselt number constants using linear regression method. Considering these constants, the average value of convective heat transfer coefficient was obtained and observed to decrease with increase in mass of ginger samples and progression of drying days with variation from 0.59 to 5.42 W/m 2˚C for different mass of ginger samples. The moisture removing rate was reported to increase with increase in mass of ginger samples and decreases significantly with the progression of drying days. The average collector efficiency was also observed to vary from 14.97 to 16.14% under increasing and decreasing trends of solar radiations from morning to noon and noon to evening respectively. Modified page model was reported best for describing the drying behaviour of different mass of ginger samples. The experimental error in terms of percent uncertainty ranged from 29.19 to 46.25%.
INTRODUCTION
Ginger, an herb in plant habit is obtained from the rhizomes of zinger officinale. It is mainly found in Asia and believed to be a native of South East Asia. The basic ingredients of ginger are oleoresin, starch, protein, mineral matters, fibers, gums, and carbohydrates. Ginger is an important ingredient of the food with high nutritional value and has become a compulsory item in the Indian kitchen. Ginger is not only used to add food palatability but it is also widely used in ayurvedic medicines, bakery products, wine and meat products, toiletry product, etc [1] . Ginger is the most important cash crop of the world. It is cultivated in India, China, Japan, Nigeria, and Indonesia. India is the largest producer of ginger, contributing about 32.75% of the total world's ginger production with a total production of 517.8 thousand tons by covering a cultivation area of 108.6 thousand hectares [2] . About half of the total production of ginger is being consumed as green ginger whereas the remaining 30% is converted into dry ginger for medicinal purposes and 20% is used as seed material [3] . Agricultural product drying has a vital role in the preservation and shelf life improvement of the product after harvesting. In developing countries, sun drying is a popular, effective, and economical method for drying of food and herbal products. Open sun drying is a common food preservation technique used to control the moisture content of the agricultural products. Traditionally, herbs like ginger dried in open sun is very much dependent on the availability of sunshine, requires large drying space and long drying time. Also, the drying product is susceptible to contamination because of rain, storm, insects, and other foreign particles. It is also observed that in open sun drying, the external drying parameters such as heat input, moisture contents, temperature, drying air flow rate, etc. cannot be controlled and hence result in undesirable drying rate [4, 5] . In order to fulfil the quality food product requirement of the growing population, efficient and affordable drying methods should be practiced. Today's world of growing technology has facilitated various types of drying systems which prevent the deterioration of products along with reduced product drying time. But these drying technologies are not economically feasible as they involve high capital investment and energy cost [6] .
In the present time of emerging solar energy applications, solar drying is one of the most promising alternatives to open sun drying. It is an eco-friendly and economically viable technology, thus being used in most developing countries [7] . Many eminent researchers have studied the drying characteristics of ginger using various types of solar dryers. According to Mani et al., the convective heat transfer coefficient of ginger in open sun drying conditions under natural convection mode was reported to be 26.25 W/m 2 . The drying rate of hybrid dryer was reported to be more than that of open sun drying with overall drying efficiency of 18% and 13% under summer and winter climatic conditions respectively [8] . Tray dryer, heat pump dehumidified dryer, and mixed mode solar dryer have been used for ginger drying. The best quality of ginger was observed in heat pump dehumidified dryer and mixed mode solar dryer at 40˚C and 62.82˚C respectively, with no pre-treatment of the product. Modified page model was reported to be best suited to describe the drying behaviour of ginger [9] . The drying characteristics of ginger under tray and heat pump assisted dehumidified drying were also incorporated by single and two stages drying, which reduced the drying time by 59.32% at 40˚C [10] . Peeled and unpeeled ginger drying under open sun and solar cabinet dryer has been compared and better drying rate was observed in solar drying against open sun drying. The moisture content of the solar dried unpeeled ginger was observed to be 7.0%, unlike that of open sun drying, which could attain only 17.0% moisture content [11] . A forced convective cabinet dryer was developed for single layer ginger drying at four different drying air temperatures of 45, 50, 55, and 60˚C with an air velocity fixed at 1.3 m/s. The moisture content of ginger was observed to reduce from 87 to 6% on wet basis. The accuracy of different drying models was determined by using non-linear regression method [12] . Drying characteristics of ginger rhizomes having a slicing of different lengths varying from 5 to 50 mm were studied using different drying methods like sun drying, solar tunnel drying, and cabinet tray drying. The moisture content was observed to reduce from 81.3 to 10% for all drying methods. It was also observed that the drying of whole ginger rhizomes under open sun took maximum time, followed by solar tunnel drying [13] . A photovoltaic powered indirect forced convection solar dryer was developed for drying ginger with maximum collector temperature of 66 and 81˚C without and with the use of reflector mirror respectively. The product surface temperature was observed to be 63 and 65˚C without and with reflector respectively. The average collector efficiency was reported to increase by 8.04% with reflector. The drying time was observed to reduce by 66.7% against open sun drying [14] . Drying kinetics of ginger rhizomes under blanched and non-blanched conditions was presented using hybrid solar dryer and the drying rate dependency on product shape, size, and drying air temperature was observed. Drying air temperature of 70˚C was reported best for better quality drying of ginger rhizome. Page model was reported best to describe the drying characteristics of ginger rhizome [15] . Thin layer solar drying of ginger was carried out for different mass flow rates of 0.06 and 0.12 kg/s with an average temperature of 54 and 44˚C respectively, for which Page model was reported to be most appropriate to describe the drying behaviour of ginger [7] . A solar drier was designed with evacuated tube collectors for ginger drying at different air mass flow rates varying from 4 to 5 m/s and reduced the moisture content of the product from 85.62 to 0.92%. The drier efficiency was reported to vary from 31 to 40.4 % for different air mass flow rates. Overall, the dryer was suggested to be better than other dryers in terms of quality and drying rate [3] . Drying characteristics of ginger using a mixed mode solar cabinet dryer were investigated by reducing its moisture from 621.50 to 12.19%. Solar cabinet dryer was observed to be better for ginger drying in the aspects of quality, drying time, and power requirement as compared to open sun drying. Page model was reported to be most suitable to describe the drying characteristics of ginger [16] .
In the present study, an indirect natural convection solar dryer has been fabricated to study the drying kinetics of ginger in the meteorological conditions of Hisar 
Sample Preparation
Fresh ginger was purchased from local market of Hisar, India and washed thoroughly to remove the surface dust. The clean ginger was hand peeled by knife and shaped cylindrically with a diameter of 1.7 cm and length of 3 cm. The samples were accommodated in a rectangular-shaped wire mesh tray placed on the weighing balance. The initial moisture content of fresh ginger was determined by hot air oven drying method [17] .
Experimental Procedure
Experimental observations were recorded between 9:00 am to 6:00 pm in the month of March and April 2014 at Guru Jambheshwar University of Science and Technology, Hisar. Two different sizes of rectangular-shaped wire mesh trays were used to accommodate different mass of ginger samples. These trays were kept on the digital electronic balance machine to determine the moisture content removal for each drying hour. A digital humidity meter (Model HT-315) was kept just above the ginger samples surface facing its probe towards the ginger sample surface. Every time, it was started 1 minute before recording the observations. Temperature was measured by using calibrated thermocouples at different locations, namely dryer inlet temperature, product surface temperature, chimney inlet and outlet temperature and absorbing plate temperature of the collector. A digital anemometer (Model AM-4201) having a readability of 0.1 m/s was used to measure the air flow at collector inlet air passage. Solar radiation data of drying days was collected by digital solar power meter (model WACO-206). Experimental observations were recorded at every 1 hour time interval. Measurement was discontinued when the constant weight of samples was achieved. The difference in weight directly gave the quantity of water content evaporated during any time interval. Wet and dried ginger samples are shown in Figure 2 . The data obtained from the measurements of ginger weight were used for drying kinetics analysis of ginger in terms of moisture removing rate. The moisture removing rate was expressed on a dry basis. The experimental data were fitted to the thin layer drying models by using non-linear regression analysis as shown in Table 1 .
Moisture removing rate on % dry basis can be calculated using Eq. (1) The moisture ratio of ginger during the drying can be obtained using Eq. (2):
where M is the moisture content at any drying time (%, dry basis), o M is the initial moisture content (%, dry basis), and e M is the equilibrium moisture content (%, dry basis).
From the literature, it is observed that the ginger should be dried from its average initial moisture content of 89% to the final moisture content of 8% [7] . The coefficient of determination   M is predicated moisture ratio, N is the number of observations, and n is the number of drying model constant.
The model suitability was determined by considering the higher value of coefficient of determination and least value of chi square and root mean square error [16] . Statistical parameters obtained from selected thin layer drying models are given in Table 2. From  Table 2 , it can be observed that the modified page model has the highest value of coefficient of determination   2 R and corresponding least value of chi square   2  and root mean square error   RMSE among the four models used. So it has been concluded that the modified page model is best suited for describing the drying behaviour of different ginger mass samples. 
THEORETICAL CONSIDERATIONS

Thermal Modelling
The convective heat transfer coefficient for evaporation was determined using the following relations [22] :
where Nu is the Nusselt number, Re is the Reynolds Number, Gr is the Grashof Number, Pr is the Prandtl Number, c h is convective heat transfer coefficient (W/m 2˚C ), X is characteristic length (m), v K is the thermal conductivity (W/m˚C), while C and n are Constant. where c T is the product temperature (˚C), e T is the product surrounding temperature (˚C), and () PT is the vapour pressure at temperature T (N/m 2 ).
The moisture evaporated is determined by dividing Eq. 
Hence, the constant ' C ' and exponent ' n ' can be obtained from the above equations.
Thermal Properties of Air
The physical properties of humid air can be determined using the following expressions [ T is temperature at collector inlet (˚C), and v c is the specific heat of air (J/kg˚C).
Total amount of heat received by the solar flat plate collector is given by Eq. (20):
where i Q is the heat input (J/sec), I is the solar irradiation (W/m 2 ), and c A is the apparent area of collector.
Efficiency of solar flat plate collector can be determined by dividing Eq. (19) and Eq. (20):
Experimental Errors
The experimental errors were evaluated in terms of percentage of uncertainty using Eq. (21) for the mass of moisture evaporated during drying of ginger samples [25] .
 
% uncertainity = U mean of the total observations 100  
RESULTS AND DISCUSSION
The hand-peeled cylindrically shaped (diameter 1.7 cm, length 3 cm) different masses of ginger samples were dried under natural convection mode. Drying tests of different mass, i.e. 78 and 48 no. of ginger samples were run by using two different rectangular trays.
Collector efficiency, moisture removing rate (%, dry basis), and convective heat transfer coefficients for 78 and 48 no. of ginger samples were evaluated as given in Table 3 . The data given in Table 3 were used to determine the moisture removing rate, drying rate, and convective heat transfer coefficients at drying time of 1 hour interval under natural convection indirect solar drying for first, second, and third day of drying of 78 and 48 numbers of ginger samples as shown in Figure 3 . It has been observed that the collector efficiency increases from morning to noon and decreases from noon to evening due to increasing and decreasing trend of solar radiation in a day. The maximum collector efficiency was reported between 12:00 to 14:00 as solar radiation intensity was observed higher during the same time interval. So, the collector efficiency is observed to be a strong function of solar radiation data [26] . In ginger drying, the moisture available with the ginger is present in two forms, namely free moisture and bound moisture. Free moisture is present in the outer resins of the ginger, which can be easily evaporated using suitable amount of heated air where the bound moisture is present in ginger internal cells under capillary action, which takes time for its evaporation and leads to higher drying time. In Figure 4 , the moisture removing rate is observed to be dependent on the total moisture present in the product mass and hence, it has been observed that the moisture removing rate increases with increase in ginger samples mass and decreases significantly with the progression of drying days [27] . However, the moisture removing rate is also dependent on the ease of heat transfer. More the coefficient of convective heat transfer more will be the moisture removing rate and vice versa as illustrated in Figure 5 . Forced convection drying system has been reported to be best suitable for faster drying as the value of coefficient of convective heat transfer associated with them is more than the natural convection drying [28] . From Figure 5 , it has been observed that the values of convective heat transfer coefficient ( c h ) decreases with the progression of drying days (i.e. from first day of drying to the next day drying). This decrease in convective heat transfer coefficient value is due to continuous reduction in moisture removal rate from the first day to the next day of drying [29] . The values of convective heat transfer coefficient have been observed to be dependent on the mass of fresh ginger samples and decreases with increase in mass of the ginger samples. So, it has been reported that the drying kinetics of ginger is highly dependent on the mass taken into consideration.
CONCLUSIONS
The research reported in this paper includes the evaluation of convective heat transfer coefficient, moisture removing rate and collector efficiency for different mass of ginger samples under natural convection indirect solar drying mode. The experimental data were analysed by using Nusselt number expression with the help of linear regression method. The following observations and conclusions have been made:
i) The average values of convective heat transfer coefficient were reported to vary from 1.78 to 4.74 W/m 2˚C and 0.59 to 5.42 W/m 2˚C for 78 and 48 numbers of ginger samples respectively. ii) Convective heat transfer coefficients for both mass of ginger samples decrease significantly with increase in the mass of ginger samples. iii) The moisture removing rate on dry basis for each drying hour was evaluated and observed to be increased with increase in ginger samples mass and decreases significantly with the progression of drying days. iv) The average collector efficiency during the drying process was also calculated and observed to vary from 14.97 to 16.14%. v) Modified page model was reported to be best suited for describing the drying behaviour of ginger for both mass of ginger samples. vi) The experimental errors were evaluated in terms of percent uncertainty ranging from 29.19 to 46.25%. The experimental errors occurred during the drying process further reduced by using certain counter-measures such as sophisticated monitoring devices, design accuracy, and the selection of materials. The collector efficiency can be further improved by using high conductive absorber material, recirculation of drying air, supplement heat sources and the formation of obstacles inside the collector unit. The overall system effectiveness can also be enhanced by using phase change materials but it must be tested first in terms of chemical stability before being implemented in the existing system. Computer-based simulation tool is also an important method to study the design optimization and scalability of the system. The present research work could be considered for optimum design of a solar dryer for quality drying of various products.
